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Glypicans, a family of heparan sulfate proteoglycans attached to the cell surface via a glycosylphosphatidylinositol (GPI)-anchor, play
essential roles in morphogen signaling and distributions. A Drosophila glypican, Dally, regulates the gradient formation of
Decapentaplegic (Dpp) in the developing wing. To gain insights into the function of glypicans in morphogen signaling, we examined
the activities of two mutant forms of Dally: a transmembrane form (TM-Dally) and a secreted form (Sec-Dally). Misexpression of tm-
dally in the wing disc had a similar yet weaker effect in enhancing Dpp signaling compared to that of wild-type dally. In contrast, Sec-
Dally shows a weak dominant negative activity on Dpp signal transduction. Furthermore, sec-dally expression led to patterning defects as
well as a substantial overgrowth of tissues and animals through the expansion of the action range of Hh. These findings support the
recently proposed model that secreted glypicans have opposing and/or distinct effects on morphogen signaling from the membrane-
tethered forms.
D 2005 Elsevier Inc. All rights reserved.Keywords: dally; Glypican; Heparan sulfate proteoglycan; GPI-anchor; Morphogen; Decapentaplegic; Hedgehog; DrosophilaIntroduction
In Drosophila wing development, three heparin-binding
signaling molecules play essential roles in pattern forma-
tion: Hedgehog (Hh); Decapentaplegic (Dpp), a bone
morphogenetic protein-related protein; and Wingless (Wg),
a Wnt family member. These molecules act as morphogens
that can directly specify different cell fates in a concen-
tration-dependent fashion (for reviews, see (Cadigan, 2002;
Tabata, 2001). In order to establish and maintain a precise
gradient, the movement of these molecules is tightly
regulated. For example, the distribution of Dpp and Wg is
partly controlled by their receptors (Cadigan et al., 1998;
Lecuit and Cohen, 1998). Similarly, the movement and
action range of Hh are restricted by Patched (Ptc), which is a0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2005.05.014
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1 These authors contributed equally to this work.component of the Hh receptor complex (Chen and Struhl,
1996). In addition, the motility of Hh is also limited by its
anchoring to the plasma membrane. Hh is made as a
precursor protein, which is autocatalytically cleaved into N-
terminal (Hh-N) and C-terminal (Hh-C) fragments. Hh-N
further undergoes a cholesterol modification at its C-
terminus to become Hh-Np (Porter et al., 1995, 1996).
Hh-Np is presumably a membrane-tethered form and is
responsible for all the biological activities of Hh. The
cholesterol modification of Hh seems to be required for its
normal secretion as well as sequestration by Ptc in the wing
imaginal disc (Burke et al., 1999).
Heparan sulfate proteoglycans (HSPGs) are involved in
the function as well as the distribution of morphogens. tout
velu (ttv), a Drosophila homologue of the mammalian EXT
tumor suppressor gene family that encodes a HS copoly-
merase, was first described to be required for Hh movement
(Bellaiche et al., 1998; The et al., 1999). Gallet et al. (2003)
showed that ttv function is essential for the movement of
Hh-containing large punctate structures from the producing84 (2005) 204 – 218
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al., 2003). Further studies demonstrated that the activities of
ttv as well as other EXT genes are also critical for the Dpp
and Wg signaling pathways (Bornemann et al., 2004; Han et
al., 2004a; Takei et al., 2004). division abnormally delayed
(dally) encodes a member of the glypican family of integral
membrane HSPGs that are attached to the cell membrane
through a glycosylphosphatidylinositol (GPI)-anchor
(Nakato et al., 1995). Genetic studies determined that dally
participates in both Dpp (Fujise et al., 2001; Jackson et al.,
1997) and Wg (Fujise et al., 2001; Lin and Perrimon, 1999;
Tsuda et al., 1999) signaling. Further experiments showed
that Dally regulates Dpp gradient formation in the deve-
loping wing (Belenkaya et al., 2004; Fujise et al., 2003) by
affecting both the distribution of Dpp protein and the
sensitivity of cells to respond to Dpp. Another glypican
gene in Drosophila, dally-like (dlp), has been shown to
affect the extracellular diffusion of Wg protein (Baeg et al.,
2001; Franch-Marro et al., 2005; Han et al., 2005;
Kirkpatrick et al., 2004; Kreuger et al., 2004). Other
evidence suggests that both these glypican molecules are
also involved in Hh signaling. A systematic screening using
RNAi in cl-8 cells identified Dlp as a new component of the
Hh pathway (Lum et al., 2003). In this cultured cell, Dlp
plays a cell-autonomous role upstream or at the level of Ptc,
supporting the idea that it helps in the delivery of Hh to Ptc.
In another RNAi study, Dlp was also found to be required
for Hh signaling in the embryonic epidermis (Desbordes and
Sanson, 2003). During wing development, both Dally and
Dlp were proposed to be involved in Hh movement across
the receiving cells (Han et al., 2004b). These findings
collectively make it very evident that HSPGs are critical
factors in controlling the activities and distribution of
morphogens during tissue patterning in Drosophila.
Recent reports have argued that GPI-anchored HSPGs,
such as glypicans, may play major roles in morphogen
signaling because the GPI-anchor targets proteins to specific
membrane structures where morphogens are found. For
example, Hh-Np associates with lipid rafts, microdomains
of the plasma membrane (Rietveld et al., 1999). GPI-
anchored proteins are also enriched in the same fraction of
membranes. Another example is the ‘‘argosomes’’, intra-
cellular vesicles that travel from cell to cell and potentially
act as vehicles for the spread of morphogens (Greco et al.,
2001). The presence of Wg protein in argosomes suggested
a possible role for argosomes in the distribution of Wg and
other morphogens. Interestingly, experiments using heparin-
lyase suggested that Wg localization in argosomes requires
HSPG function. Since GPI-anchored proteins are preferen-
tially incorporated into argosomes, glypicans may help Wg
protein to be packaged in this structure. Thus, GPI-linkage
of glypicans seems to provide a targeting signal for specific
membrane domains and may be important for their
functions in the regulation of morphogen movement.
Many glypicans exist in secreted as well as membrane-
tethered forms. Mammalian glypicans can be released fromthe cell surface by digestion of the GPI-linkage via the
action of a phosphatidylinositol-specific phospholipase C
(PI-PLC) (Bernfield et al., 1999; Brandan et al., 1996; Carey
et al., 1993; Ishihara et al., 1987). Recent studies have
highlighted the in vivo significance of the ‘‘shedding’’ of a
Drosophila glypican, Dlp. Dlp plays both positive and
negative roles in Wg signaling in the developing wing
(Kirkpatrick et al., 2004; Kreuger et al., 2004). Dlp acts as a
positive regulator to increase Wg activity where Wg levels
are low. Conversely, Dlp reduces Wg activity near the
source of Wg production. The spatially distinct activities of
Dlp in Wg signaling appear to be controlled by Notum, a
putative hydrolase expressed at the dorsoventral boundary.
Biochemical experiments showed that Notum cleaves Dlp
from the cell surface (Kreuger et al., 2004). Genetic studies
have shown that dlp and Notum mutants fail to complement,
supporting the idea that Dlp and Notum cooperate to control
Wg-mediated patterning (Kirkpatrick et al., 2004). Based on
these findings, it was proposed that Dlp coreceptor is
converted to an antagonist by Notum-mediated cleavage
(Kreuger et al., 2004). Furthermore, genetic experiments
presented more recently by Han et al. (2005) showed that
Dally is also modified by Notum (Han et al., 2005). It has
not been shown, however, whether a secreted glypican has
distinct activities from the membrane-tethered form.
In the present study, to gain an understanding of the
molecular basis for glypican function, we generated two
mutant forms of Dally, a transmembrane form (TM-Dally)
and a secreted form (Sec-Dally), and characterized their
activities in tissue assembly as well as signal transduction. A
comparison of the phenotypes of dally- and tm-dally-
expressing animals revealed that the in vivo activity of
TM-Dally is significantly weaker than that of wild-type
Dally, suggesting the possible importance of the GPI-
linkage for glypican function. On the other hand, the acti-
vities of Sec-Dally differ qualitatively from those of Dally
or TM-Dally. First, Sec-Dally shows a weak dominant
negative effect on Dpp signaling. Second, the expression of
sec-dally induces various patterning defects as well as
overgrowth of tissues and animals by expanding the action
range of Hh. These findings support the idea that the
shedding of glypicans could convert this class of HSPGs
from membrane-tethered coreceptors to secreted antago-
nists, providing another mechanism to regulate morphogen
distribution and signaling.Materials and methods
Fly strains
dpp-lacZ (BS3.0) reporter was used to monitor the
expression of dpp (Blackman et al., 1991). UAS-tm-dally
and UAS-sec-dally lines were generated by P element-
mediated transformation (Rubin and Spradling, 1982).
Other GAL4 and UAS transgenic lines used were: A9-
S. Takeo et al. / Developmental Biology 284 (2005) 204–218206GAL4 (Haerry et al., 1998), 71B-GAL4 (Brand and
Perrimon, 1993), 29BD-GAL4 (Toba et al., 1999), engrailed
(en)-GAL4 (Brand and Perrimon, 1993), hh-GAL4 (Tani-
moto et al., 2000), actin5C-GAL4 (Ito et al., 1997), dpp-
GAL4 (Morimura et al., 1996), ptc-GAL4 (Haerry et al.,
1998), apterous (ap)-GAL4 (O’Keefe et al., 1998), UAS-
dally (Jackson et al., 1997; Tsuda et al., 1999), UAS-ptc
(Johnson et al., 1995), UAS-hh (Tanimoto et al., 2000),
UAS-p110 (Leevers et al., 1996), and UAS-Pten (Gao et al.,
2000). The mutant alleles used were: dppd12, a hypomor-
phic disk-V class allele of dpp (St Johnston et al., 1990);
chico1, a putative null allele of chico (Bartke et al., 2002);
and Pten1, a putative null allele of Pten (Goberdhan et al.,
1999).
DNA constructs
To construct tm-dally and sec-dally, we first introduced
an NcoI restriction site at nucleotide 2502 of dally cDNA
(Nakato et al., 1995) by eliminating the residue C2505 by
PCR mutagenesis. The resultant mutant cDNA was des-
ignated as dally-NcoI. For the construction of tm-dally, a
portion of the protein coding sequence of the Notch gene
was amplified from genomic DNA by PCR using two
primers, 5V-GCACCATGGCATCAGCTGCGGAACGA-
TTTT-3Vand 5V-CATCCATGGTTAACGGAATCCCTCCG-
GGAAC-3V. After digestion with NcoI, the PCR product
bearing the sequence from 5881 to 6087 of Notch cDNA
(corresponding to the amino acid sequence from 1714 to
1782), which includes the transmembrane domain (Wharton
et al., 1985), was inserted into the NcoI site of dally-NcoI.
The resultant clone (tm-dally) encodes a protein which has
the Notch transmembrane domain instead of the signal
sequence for GPI-linkage. For sec-dally construct, an
oligonucleotide 5V-CATGAACTAGCGTAATTACGCTAG-
TT-3Vwas annealed to form double-stranded DNA, which
has a 5V-protruding sequence, CATG, at both ends. This
fragment was inserted into the NcoI site of dally-NcoI, and
the resultant clone is referred to as sec-dally. This insertion
introduces a stop codon immediately after the amino acid
residue Pro605, which results in the truncation of the C-
terminal amino acid residues required for GPI-anchoring.
The HA and Myc epitope tag sequences were inserted into
the AatII site of tm-dally and sec-dally as described
previously (Tsuda et al., 1999). This results in the insertion
of the epitope tags after the amino acid residue Arg50. Wild-
type and mutant dally cDNAs were subcloned into F449, a
heat-inducible expression vector, for the expression experi-
ments in S2 cells, or pUAST vector for in vivo expression
studies.
Immunoblot analysis
For immunoblot analysis of mutant forms of Dally,
Drosophila S2 tissue culture cells were transfected with 20
Ag of hs-HA-dally, hs-HA-tm-dally, or hs-HA-sec-dally bycalcium phosphate precipitation. Transient expression of the
HA-tagged proteins was induced by a heat shock pulse at
37-C for 1 h. The cells and medium were separated by
centrifugation for 5 min at 3000  g (Staatz et al., 2001).
The pellet was washed once with PBS and used as the cell
fraction. The supernatant was collected in a microcentrifuge
tube, spun at high speed to remove insoluble materials, and
used as the medium fraction. Proteins in each fraction were
analyzed by Western blotting with anti-HA antibody
(Clontech).
Heparan sulfate modification of mutant forms of Dally
was examined using monoclonal antibody 3G10. S2 cells
were transfected with Myc-dally, Myc-tm-dally, or Myc-sec-
dally. After incubation for 72 h, the cells were suspended in
the medium and lysed by freeze–thaw. A 20 Al aliquot from
each lysate was digested with 200 mU heparitinase I
(Seikagaku) at 37-C for 16 h. After heparitinase treatment,
proteins were analyzed by Western blotting using mono-
clonal antibody 3G10 and anti-Myc antibody.
Immunohistochemistry
Immunostaining of the wing discs was performed as
previously described (Fujise et al., 2001) using mouse anti-
Myc (1:100, a gift from R. Ueda), rabbit anti-h-galactosi-
dase (1:500, Cappel), rabbit anti-pMAD (1:1000, a gift from
T. Tabata and P. ten Dijke; Tanimoto et al., 2000), rat anti-Ci
(1:2, a gift from R. Holmgren, Motzny and Holmgren,
1995), mouse anti-Ptc (1:50, a gift from I. Guerrero,
Capdevila et al., 1994), and rabbit anti-Hh (1:1000, a gift
from T. Tabata, Tabata and Kornberg, 1994). Extracellular
labeling of Myc-tagged or HA-tagged proteins was
performed according to Strigini and Cohen (2000) using
anti-Myc antibody (1:20) or anti-HA antibody (1:20,
Roche), respectively. For Inr signaling assay, fat body was
prepared as described previously (Scott et al., 2004) and
stained with rabbit anti-dFOXO (1:300, Hwangbo et al.,
2004). The primary antibodies were detected with Alexa
Fluor 568 or Alexa Fluor 488-conjugated secondary anti-
bodies (Funakoshi).
Ectopic expression
The ectopic expression of dally, tm-dally, and sec-dally
was induced by the GAL4/UAS system (Brand and
Perrimon, 1993) using A9-GAL4, 71B-GAL4, 29BD-
GAL4, en-GAL4, hh-GAL4, actin5C-GAL4, dpp-GAL4,
and ptc-GAL4 drivers at 25-C. To generate clones of cells
that overexpress the dally variants, GAL4-expressing clones
were induced by the FRT flp-out method as previously
described (Struhl and Basler, 1993) in y w hsp70-flp/+;
Act5C>y+>GAL4, UAS-GFP animals bearing one of UAS-
dally, UAS-tm-dally, and UAS-sec-dally transgenes. Larvae
were heat-shocked at 24–48 h after egg-laying at 35-C for
10 min to induce recombination. Discs were dissected and
analyzed 48–96 h after the induction. In the overexpression
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transgenic strains for UAS-dally, UAS-tm-dally, and UAS-
sec-dally, respectively, to confirm that observed phenotypes
are consistent for each transgene construct. For more
quantitative analysis, we generated transgenic flies bearing
Myc-epitope-tagged dally and tm-dally cDNAs downstream
of the UAS. Immunoblot analysis using anti-Myc antibody
revealed that two transgenic lines, UAS-Myc-dally #3 and
UAS-Myc-tm-dally #4, produce the same levels of Myc-
tagged proteins under the control of GAL4 drivers. We used
these strains for the experiments shown in Fig. 2I.
The UAS-ptc UAS-sec-dally recombinant chromosome
used in the experiments shown in Fig. 7 was selected by
PCR using primers specific for UAS-ptc and UAS-sec-dally
sequences to identify animals that bear both transgenes.Results
Construction of mutant forms of Dally
To uncover the possible importance of the GPI-linkage
of Dally for its function, we constructed two mutant formsFig. 1. Structures and localization of the mutant forms of Dally. (A) Structures of D
has a stretch of hydrophobic residues at the C-terminus, which acts as a signal s
domain (TM-Dally) was constructed by replacing the GPI-anchor region with the
(Sec-Dally) was generated by inserting a stop codon immediately before the C-term
show signal sequences for secretion and for the GPI-anchor, respectively. The dot
type and mutant forms of Dally was confirmed by transfection experiments using
were expressed in S2 cells, and proteins in the medium and cell fractions were det
was shed into the medium as has been reported for mammalian glypicans. TM-Da
of Sec-Dally was detectable in the culture medium. (C) Heparan sulfate modificatio
expressed in S2 cells. After heparitinase treatment, total proteins were analyzed
antibody (lower). Controls without heparitinase treatment (heparitinase) are show
Dally. The expression of Myc epitope-tagged Dally, TM-Dally, and Sec-Dally wa
stained with anti-Myc antibody by the standard protocol (upper panels) or by the e
this and the following figures, wing discs are oriented anterior to the left and doof Dally, a transmembrane form (TM-Dally) and a secreted
form (Sec-Dally) (Fig. 1A). tm-dally encodes a protein
which lacks the C-terminal stretch of hydrophobic residues
required for the GPI-anchoring. Instead, TM-Dally has the
transmembrane domain of Notch protein at the C-terminus.
sec-dally cDNA was generated by introducing a stop codon
after the amino acid residue Pro605, and therefore encodes
a truncated protein lacking the signal sequence for the
GPI-linkage.
We examined if the wild-type and mutant forms of Dally
are secreted when expressed in Drosophila S2 tissue culture
cells. S2 cells were transfected with hs-HA-dally, hs-HA-tm-
dally, and hs-HA-sec-dally constructs, and HA-tagged
proteins in the medium and cell fractions were examined
by immunoblotting with anti-HA antibody (Fig. 1B). We
detected a small amount of Dally in the culture medium.
Mammalian glypicans are known to be shed from the cell
surface by PI-PLC activity and released into the medium
when cultured in vitro (Bernfield et al., 1999; Brandan et al.,
1996; Carey et al., 1993; Ishihara et al., 1987). Our
observation shows that shedding of Dally also occurs in
S2 cells. On the other hand, TM-Dally transiently expressed
in S2 cells was exclusively retained in the cell fraction. Sec-ally mutant proteins. The predicted amino acid sequence of wild-type Dally
equence for a GPI-anchor. A mutant form of Dally with a transmembrane
TM domain of Notch protein. A construct encoding secreted form of Dally
inal hydrophobic region of wild-type Dally. The shaded area and solid block
ted region represents the Notch TM domain. (B) The secretion of the wild-
S2 tissue culture cells. HA epitope-tagged Dally, TM-Dally, and Sec-Dally
ected by Western blotting using anti-HA antibody. A small fraction of Dally
lly was exclusively retained in the cell pellet fraction. However, a high level
n of Dally mutant proteins. Wild-type Dally, TM-Dally, and Sec-Dally were
by Western blotting using monoclonal antibody 3G10 (upper) or anti-Myc
n on the left side. (D) In vivo localization of wild-type and mutant forms of
s induced in the posterior compartment by hh-GAL4. The wing discs were
xtracellular labeling protocol (lower panels) (Strigini and Cohen, 2000). In
rsal to the bottom.
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relatively large amount remained associated with the cell
pellet. These results confirmed that TM-Dally and Sec-Dally
are a membrane tethered and a secreted form, respectively.
To determine whether or not the mutant proteins are
properly glycanated, we used monoclonal antibody 3G10,
which reacts with desaturated uronate residues of heparan
sulfate chains remaining linked to core protein after
heparitinase digestion, and which is widely used to detect
heparan sulfate. Myc-tagged forms of Dally variants were
expressed in S2 cells and treated with heparitinase I as
described in Materials and methods. Western blotting with
3G10 revealed that the epitope of this antibody occurs in all
forms of Dally expressed in S2 cells after heparitinase
treatment (Fig. 1C). This result shows that the two mutant
Dally proteins are modified with heparan sulfate like the
wild-type form. Although 3G10 signal seems more intense
for wild-type Dally than other two mutant forms in Fig. 1C,
this result varied in each experiment (data not shown). Since
Myc-tagged proteins were not dramatically shifted by the
heparitinase treatment, we suspect that the heparitinase
digestion occurred only partially. Therefore, we could not
conclude whether or not there is a difference in the degree of
heparan sulfate modification between Dally, TM-Dally, and
Sec-Dally.
We observed the most obvious difference between these
Dally variants when in vivo localization of these molecules
was examined. Wild-type and mutant forms of Dally with a
Myc-epitope-tag were expressed in the posterior compart-
ment using hh-GAL4, and the wing discs were stained with
anti-Myc antibody. With the standard staining protocol, all
forms were detected in the posterior cells where they were
expressed (Fig. 1D). We further studied the distribution of
these molecules by a labeling method that detects only
extracellular epitopes (Strigini and Cohen, 2000). In this
protocol, dissected discs were incubated with antibody
before fixation, and detergents were not used throughout the
procedure. Using this method, wild-type Dally and TM-
Dally were found on the cell surface of the posterior
compartment. In contrast, the extracellular labeling method
failed to detect Sec-Dally, showing that the concentration of
Sec-Dally in the extracellular space is below the limit of
detection. Consistent with the results of Western blotting
(Fig. 1B), this result suggested that Sec-Dally is not retained
on the cell surface in vivo. Sec-Dally may diffuse in the
extracellular environment immediately after secretion.
Comparison of phenotypes induced by the expression of
wild-type and transmembrane forms of dally
We compared the in vivo activities of TM-Dally and Sec-
Dally with those of Dally by expressing these molecules
using the GAL4/UAS system. Ubiquitous expression of
dally and sec-dally driven by actin5C-GAL4 caused lethal-
ity, but tm-dally-expressing animals were only semi-lethal.
The tissue-specific expression of dally, tm-dally, and sec-dally induced by various GAL4 drivers showed differences
in the activities of these Dally variants in morphogenesis. In
general, the phenotypes produced by the expression of tm-
dally were less severe than those of wild-type dally (Fig. 2).
The ectopic expression of dally in the wing disc using A9-
GAL4, 71B-GAL4, dpp-GAL4, or hh-GAL4 induced various
phenotypes such as duplication of the dorsocentral and
scutellar macrochaetae on the notum (Fig. 2C), disordered
wing veins (Figs. 2D and E), and wing notching (Fig. 2E).
tm-dally expression by the same drivers produced similar
phenotypes with lower penetrance (Figs. 2F–H). Loss of
posterior cross vein (PCV) was observed frequently when
dally expression was induced by 71B-GAL4 and hh-GAL4
(Figs. 2D and E). However, this phenotype was not caused
by the expression of tm-dally.
The severity of phenotypes varied slightly in each
transgenic strain, but we detected a clear difference between
the phenotypes associated with dally and tm-dally expres-
sion by analyzing multiple transgenic lines. To exclude the
possibility that this difference resulted from different levels
of Dally and TM-Dally proteins expressed in the transgenic
animals, we generated Myc-tagged forms of wild-type and
mutant forms of dally and used them to quantitatively
analyze the phenotypes produced by dally and tm-dally.
Based on Western blotting analysis, we chose UAS-Myc-
dally and UAS-Myc-tm-dally transgenic strains that express
indistinguishable levels of Myc-tagged molecules by the
GAL4/UAS system (data not shown). Fig. 2I shows the
penetrance of typical phenotypes induced by comparable
amounts of Dally and TM-Dally. These results confirmed
that the effects of TM-Dally on patterning are significantly
weaker than those of Dally.
We also asked whether or not TM-Dally is able to rescue
a dally mutant phenotype. dally homozygous mutant adults
show a defect in wing vein V formation; this specific vein
structure does not reach the posterior edge of the wing in
dally mutants (Fig. 2J; Nakato et al., 1995). The penetrance
of this phenotype is very high in dallygem homozygotes,
providing a useful assay for rescue. When dally expression
(UAS-dally+) is induced in the wing by A9-GAL4, the wing
vein V structure is restored (Fig. 2K). Similarly, the
expression of tm-dally by the same driver in the dallygem
mutant background completely rescued the wing vein V
structure in all flies observed, showing that TM-Dally can
rescue the dally mutant phenotype (Fig. 2L).
Expression of the secreted form of dally induces overgrowth
phenotypes
Adult flies expressing sec-dally with the same set of
GAL4 drivers we used for dally and tm-dally showed severe
defects in wing/notum formation, including ectopic for-
mation and thickening of vein structures, blisters, wing
outgrowth and folding, induction of numerous ectopic notal
bristles, and enlargement of the costa in the wing hinge
(Table 1, Figs. 3A–E). Thus, sec-dally expression induces a
Fig. 2. Phenotypes induced by the expression of wild-type and transmembrane forms of dally. (A and B) Wild-type notum (A) and wing (B). (C– I) Adult
phenotypes produced by the overexpression of dally and tm-dally. The expression of dally (C, D, and E) and tm-dally (F, G, and H) was induced by A9-GAL4
(C and F), 71B-GAL4 (D and G), and hh-GAL4 (E and H). The dorsal structures (C and F) and wings (D, E, G, and H) are shown. Ectopic notal bristles are
marked by arrowheads (C and F). Arrowheads show disordered wing veins and wing margin notching (D and E). Arrows show the reduction of PCV (D and E).
(I) Quantitative comparison of the in vivo activities of Dally and TM-Dally. The expression of Myc-dally and Myc-tm-dally was induced by GAL4 drivers
indicated in parentheses. Bar graphs show the penetrance of each adult phenotype for dally-(closed bars) and tm-dally- (open bars) expressing animals. The
penetrance of adult phenotypes is calculated as the percentage of animals showing the defects out of total hatched flies. More than 100 flies were counted for
each genotype. For these experiments, we used transgenic lines that produce the same amount of Myc-tagged proteins (see also Materials and methods). (J–K)
Adult wings are shown for dallygem/dallygem (J), A9-GAL4/+; UAS-dally/+, dallygem/dallygem (K), and A9-GAL4/+; UAS-tm-dally/+, dallygem/dallygem (L).
Note that the expression of both dally (K) and tm-dally (L) in the wing by A9-GAL4 completely rescues the wing vein V defect in a dally mutant (arrowheads).
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Table 1
Phenotypes associated with ectopic expression of dally and sec-dally
GAL4 lines Expression UAS-dally UAS-sec-dally
Actin5C Ubiquitous Pupal lethal (100%) Embryonic lethal (100%)
29BD Ubiquitous Semi-lethal (pupal stage, 8%) Pupal lethal (100%)
Disordered veins (66%) Giant larvae (100%)
Extra notal bristles (51%) Large imaginal discs
Malformed legs (45%) (Figs. 3F, G)
A9 Wing and haltered discs Disordered veins (99%) Eclosion defects (43%)
Extra notal bristles (70%) Folded wings (17%)
(Fig. 2C) Wing overgrowth (100%)
Thick and ectopic veins (100%)
Extra notal bristles (78%)
(Figs. 3A, B, E)
71B Wing pouch Disordered veins (97%) Thick and ectopic veins (100%)
Loss of PCV (83%) (Fig. 2D)
dpp AP compartment boundary Extra notal bristles (40%) Extra notal bristles (60%)
Folded wings (31%)
Thick and ectopic veins (100%)
ptc AP compartment boundary Pupal lethal (61%) Embryonic lethal (100%)
Folded wings (21%)
Extra notal bristles (44%)
hh P compartment Loss of PCV (100%) Thick and ectopic veins (100%)
Wing margin notching (80%) Extra notal bristles (85%)
Extra notal bristles (15%)
Malformed legs (10%)
(Fig. 2E)
en P compartment Loss of PCV (32%) Thick and ectopic veins (100%)
Extra notal bristles (8%) (Fig. 3C)
The penetrance of each phenotype and corresponding figures are shown in parentheses. The penetrance of adult phenotypes is calculated as percentage of
animals showing the defects out of total hatched flies.
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dally-expressing animals. One characteristic feature of the
patterning defects associated with sec-dally expression is
that they appear predominantly in the anterior region. For
example, ectopic and disordered veins in A9>sec-dally and
71B>sec-dally were mostly observed in the anterior part of
the wing (Fig. 3B). Interestingly, we observed this anterior-
specific effect even when we overexpressed sec-dally in the
posterior compartment using en-GAL4 (Fig. 3C) or hh-
GAL4 (data not shown). This phenomenon will be discussed
later.
The phenotypes of sec-dally-expressing animals are not
restricted to patterning defects. We found that the expres-
sion of sec-dally but not tm-dally resulted in substantial
overgrowth. For example, pupae expressing sec-dally under
the control of a ubiquitous driver, 29BD-GAL4, are 25%
larger than wild-type animals (Fig. 3F). Many tissues of
these animals also overgrow. All 29BD-GAL4/UAS-sec-
dally animals show the overgrowth phenotype and die as
pupae. The expression of sec-dally in the developing wing
results in significant enlargement of the adult wing, often
forming wing outgrowths or duplications. Secondary axis
formation was frequently observed in wing discs of such
animals (Fig. 3G). Counting numbers of nuclei in a defined
area of the wing discs showed that overgrowth associated
with sec-dally expression resulted from an increased
number of cells, not from increased cell size (data not
shown).To test the ability of Sec-Dally to rescue the dally wing
vein V phenotype, sec-dally was overexpressed in a
dallygem mutant background. Unlike wild-type Dally and
TM-Dally, Sec-Dally failed to achieve a complete rescue of
this structure. In most cases, the vein V was only partially
restored (Fig. 3H). Although, in some cases, the vein V
reached the posterior edge of the wing, the vein structures
were thin and faint, showing that only a limited amount of
vein material was formed. Thus, despite the strong pattern-
ing activity of Sec-Dally, the ability of this mutant form to
rescue the dally mutant phenotype was relatively weak.
Collectively, these results suggested that Sec-Dally has a
different patterning activity from wild-type Dally.
Effects of the ectopic expression of different forms of Dally
on Dpp signaling
In a previous study, we showed that increased levels of
dally autonomously enhance Dpp signaling in the wing disc
(Fujise et al., 2003). Levels of a phosphorylated form of
MAD protein (pMAD), a direct readout of Dpp signaling,
are significantly elevated in dally-overexpressing clones
generated by the flp-out method (Figs. 4B and BV). We
generated patches of cells expressing TM- and Sec-forms of
Dally, and examined their effects on cellular responses to
Dpp in the wing disc. In the tm-dally-expressing clones,
pMAD levels were elevated although the effect of TM-Dally
expression was weaker than Dally expression (Figs. 4C and
Fig. 3. Phenotypes induced by the expression of wild-type and secreted forms of dally. (A–C) Adult notum (A) and wings (B and C) of sec-dally-expressing
animals. sec-dally expression was induced by A9-GAL4 (A and B) and en-GAL4 (C). Numerous ectopic notal bristles are marked by white brackets (A). (D and
E) The wing hinge region is shown for wild-type (D) and A9>sec-dally (E). The costal region is enlarged in sec-dally-expressing animals. (F) Comparison of
animal size. Wild-type (a), 29BD>dally (b), 29BD>tm-dally (c), and 29BD>sec-dally (d) pupae are shown. (G) Wing discs stained with DAPI are shown for
wild-type (left) and 29BD>sec-dally (right). (H) Awing of A9-GAL4/+; UAS-sec-dally/+, dallygem/dallygem. The wing vein V phenotype of dally mutants was
only partially restored by sec-dally expression (arrowhead).
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does not increase pMAD signals (Figs. 4D–FV). Rather,
pMAD levels were slightly reduced near sec-dally-express-
ing clones. This effect was relatively weak but consistentlyFig. 4. Effects of the expression of dally variants on Dpp signaling. Anti-pMAD an
of cells overexpressing dally (B and BV), tm-dally (C and CV), and sec-dally (D-FV).
BV, CV, DV, EV, and FV).observed in all discs we examined. This result suggests that
sec-dally expression has a weak dominant negative effect on
Dpp signaling. Together, these findings indicate that the
Dally core protein has to be anchored to the cell membranetibody staining of a wild-type wing disc (A), and wing discs bearing clones
Positions of the expressing clones are marked by GFP expression (green in
S. Takeo et al. / Developmental Biology 284 (2005) 204–218212for activity but, surprisingly, does not need to be GPI-
anchored to enhance Dpp signaling. However, the GPI-
linkage seems to be crucial for maximum efficiency of
Dally’s function as a Dpp coreceptor.
Effects of mutations in Inr or Dpp signaling pathways on the
sec-dally phenotypes
In Drosophila, the insulin receptor/insulin-like growth
factor receptor (Inr; Bohni et al., 1999; Brogiolo et al., 2001;
Chen et al., 1996; Verdu et al., 1999) and Dpp (Burke and
Basler, 1996; Martin-Castellanos and Edgar, 2002) path-
ways are well known to regulate cell growth and prolifer-
ation during development and to control animal size. Since
sec-dally-expressing animals show a remarkable over-
growth phenotype, we asked whether sec-dally expression
abnormally activates Inr or Dpp signaling.
Several lines of evidence have indicated that the Inr
pathway is not responsible for the sec-dally phenotypes.
First, animals overgrown by sec-dally expression and ones
by activating Inr signaling are phenotypically distinct. The
expression of p110, which encodes the catalytic subunit of
phosphoinositide 3-kinase (PI3K) and acts as a main
regulator of the Inr cascade, induces substantial cell growth
in the salivary gland (Fig. 5A) and a modest increase of the
wing disc size (data not shown; Leevers et al., 1996;
Oldham et al., 2000; Weinkove et al., 1999; Zhang et al.,Fig. 5. Expression of sec-dally does not affect the Inr signaling pathway. (A) Com
salivary glands from 29BD-GAL4, 29BD-GAL4/UAS-p110, 29BD-GAL4/UAS-P
outlines and nuclei were stained with Phalloidin (red) and Ho¨echst 33342 (blue), r
Am. (B) Effects of mutations in the Inr pathway on the sec-dally overgrowth pheno
GAL4/UAS-sec-dally (c), and chico1/+; 29BD-GAL4/UAS-sec-dally (d) pupae w
genotype, 29BD-GAL4 homozygous females were crossed with UAS-sec-dally h
chico1/CyO ubi-GFP; UAS-sec-dally males (d), respectively. GFP-negative fema
average body size of each genotype is shown relative to the average wild-type bo
paired t test gave a significant P value between a and b ( P < 0.0001), but insignif
(C) sec-dally expression does not affect the nuclear transport of dFOXO. Fat body
(middle and lower panels) were stained with anti-dFOXO antibody (red). Flp-ou
dFOXO protein was strongly inhibited in p110-expressing cells but not in the se2000). Conversely, expression of Pten, a negative regulator
of Inr signaling, significantly reduces the size of the salivary
gland (Fig. 5A). The expression of sec-dally by the same
GAL4 driver produced larger wing discs than those of the
p110-expressing animals (data not shown). However, sec-
dally expression did not lead to an appreciable change in the
cell and tissue size of the salivary gland (Fig. 5A). Briefly,
unlike Inr signaling, Sec-Dally seems to have stronger
effects on (1) cell numbers rather than cell size, and on (2)
imaginal discs compared to larval specific tissues. Second,
we examined whether components of Inr signaling genet-
ically interact with sec-dally. Mutations in two downstream
transducers of the Inr pathway, Pten and chico, showed no
detectable effects on the overgrowth of 29BD-GAL4/UAS-
sec-dally animals (Fig. 5B). Similarly, the patterning defects
of dpp-GAL4/UAS-sec-dally adult wings were not affected
by the heterozygosity for these mutations as well as an Inr
null allele (data not shown). Finally, we directly assayed Inr
signaling in sec-dally-expressing animals. The activation of
Inr signaling promotes the phosphorylation of dFOXO, a
forkhead transcription factor, and subsequently inhibits
nuclear transport of this molecule (Hwangbo et al., 2004).
Therefore, subcellular localization of dFOXO provides a
useful system to assay the Inr signaling activity. We induced
flp-out clones expressing p110 or sec-dally in the fat body,
which consists of large cells and is sensitive to the Inr
pathway (Britton et al., 2002; Scott et al., 2004), andparison of salivary gland tissues that overexpress p110 and sec-dally. The
ten, and 29BD-GAL4/UAS-sec-dally third instar larvae are shown. Cell
espectively. All images are shown at the same magnification. Scale bar: 100
type. Size of wild-type (a), 29BD-GAL4/UAS-sec-dally (b), Pten1/+; 29BD-
ere measured for more than 20 animals of each genotype. To obtain each
omozygous males (b), Pten1/CyO ubi-GFP; UAS-sec-dally males (c), and
les obtained from these crosses were used to measure the body size. The
dy size on the bar graph. The standard error is shown by vertical lines. The
icant P values between b and c ( P = 0.37) and between b and d ( P = 0.08).
tissues bearing flp-out clones expressing p110 (upper panels) or sec-dally
t clones are marked by GFP expression (green). The nuclear transport of
c-dally-expressing clones (arrowheads).
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dFOXO antibody staining demonstrated that nuclear trans-
port of dFOXO was strongly blocked in p110-expressing
cells (Fig. 5C) while no effect was observed by sec-dally
expression in flp-out clones (Fig. 5C) or in the whole fat
body tissue (data not shown). Based on these observations,
we concluded that sec-dally induces overgrowth by a
mechanism independent of the Inr pathway.
We also examined the genetic interactions between sec-
dally and the Dpp signaling components. Reductions in
gene functions of dpp or thickveins (tkv), a type I receptor
of Dpp, by heterozygosity for dppd12 and tkva12, respec-
tively, did not affect the animal size (data not shown).
Together with the fact that sec-dally does not increase
pMAD staining in the flp-out clones (Figs. 4D–FV), the
activation of the Dpp pathway does not seem to be a direct
cause of the overgrowth associated with sec-dally expres-
sion. However, as we discuss later, we would not rule out
the possibility that Dpp signaling partly contributes to this
overgrowth phenotype.
Expression of sec-dally alters the action range of Hh
As mentioned above, we noticed that the expression of
sec-dally produces phenotypes predominantly in the anterior
compartment (Fig. 3). This observation suggested that sec-
dally expression affects signaling pathways that specifically
regulate the patterning of the anterior portion of the wing,
such as Hh signaling. We therefore analyzed the expressionFig. 6. The expression of sec-dally affects Hh signaling in wing disc. (A–CW) Effe
proteins. Anti-Ci (A, B, and C) and anti-Ptc (AV, BV, and CV) staining of a wild-typ
(B–BW), or en-GAL4 control (C–CW). Panels AW, BW, and CWare merged images of
dally on dpp-lacZ expression. dpp-lacZ expression was followed by anti-h-galact
dally (E), or en-GAL4/+; UAS-sec-dally/+(F) genetic background. Yellow bars rep
BV, and CV), and dpp-lacZ expression (D–F).of Hh target genes in the sec-dally-expressing wing discs. In
wild-type wing discs, Hh stabilizes Cubitus interruptus (Ci)
protein as far as 8–10 cells away from the AP boundary
(Fig. 6A; Aza-Blanc et al., 1997; Strigini and Cohen, 1997).
In wing discs where sec-dally was expressed by 71B-GAL4,
the region of cells with high levels of Ci was dramatically
extended toward the anterior edge of the disc (Fig. 6B,
yellow bar). In many cases, Ci accumulation was observed
in the entire anterior compartment. Similarly, the domain of
dpp-lacZ expression, another marker for Hh signaling, was
also significantly expanded by sec-dally expression (Fig.
6E). Ptc, another target that requires higher levels of Hh than
Ci or Dpp, can be detected as far as five cells away from the
boundary in the wild-type wing disc (Fig. 6AV; Alexandre et
al., 1996). Ptc expression was also extended by Sec-Dally,
although the effect was less evident than for Ci or dpp-lacZ
(Fig. 6BV). Consistent with the adult phenotypes (Fig. 3C),
posterior cell-specific expression of sec-dally by en-GAL4
also resulted in a similar expansion of the area of cells
responding to Hh (Figs. 6C–CW, and F). These results show
that Sec-Dally extends the action range of Hh.
Coexpression of patched with sec-dally suppresses the
sec-dally phenotypes
The Hh signal is transduced through a cell surface
receptor complex composed of Smoothened (Smo) and Ptc.
Ptc constitutively inhibits the activity of Smo, a positive
transducer of Hh signaling, unless the binding of Hh to Ptccts of sec-dally expression on the area of cells with high levels of Ci and Ptc
e wing disc (A–AW), a disc expressing sec-dally under 71B-GAL4 control
panels A and AV, B and BV, and C and CV, respectively. (D–F) Effects of sec-
osidase antibody staining of discs with wild-type (D), 71B-GAL4/UAS-sec-
resent domains with high levels of Ci protein (A, B, and C), Ptc protein (AV,
S. Takeo et al. / Developmental Biology 284 (2005) 204–218214releases Smo from the receptor complex (Chen and Struhl,
1998; Murone et al., 1999). The overexpression of Ptc in the
Hh-responding cells results in sequestering Hh protein and a
reduction of Hh signaling (Chen and Struhl, 1998; Johnson
et al., 1995). To confirm that the patterning defects and the
overgrowth phenotype associated with sec-dally expression
are due to the enhancement of Hh signaling, we examined
the effects of ptc expression on these phenotypes. As shown
above (Fig. 3B), the expression of sec-dally in the wing disc
by A9-GAL4 results in the enlargement of the adult wing
with ectopic vein structures in the anterior compartment
(Fig. 7B). In contrast, when ptc is ectopically expressed
using the same driver, the space between longitudinal veins
L3 and L4 is severely decreased and the anterior cross vein
is absent (Fig. 7C). These phenotypes reflect the loss of Hh
signal-dependent patterning (Johnson et al., 1995). The
wing phenotypes produced by the coexpression of ptc and
sec-dally were very similar to those by ptc expression alone
(Fig. 7D). In these wings, sec-dally-dependent anterior
ectopic veins were eliminated and the central part of the
wing was reduced, as observed in A9>ptc wings. The
overgrowth phenotype associated with sec-dally expression
was also strikingly suppressed by ptc expression; the size of
29BD>sec-dally animals was reduced to wild-type by the
coexpression of ptc (Fig. 7E). The suppression of sec-dally
phenotypes by ptc expression was consistently observed inFig. 7. Expression of ptc suppresses the sec-dally phenotypes. (A–D) Adult
wings are shown for wild-type (A), A9-GAL4/+; UAS-sec-dally/+ (B), A9-
GAL4/+; UAS-ptc/+ (C), and A9-GAL4/+; UAS-sec-dally UAS-ptc/+ (D)
females. (E) Comparison of the size of wild-type (a), 29BD-GAL4/UAS-sec-
dally (b), 29BD-GAL4/UAS-ptc (c), and 29BD-GAL4/UAS-sec-dally UAS-
ptc (d) pupae. To obtain each genotype, A9-GAL4 (A–D) or 29BD-GAL4
(E) homozygous females were crossed to UAS-sec-dally, UAS-ptc, or UAS-
sec-dally UAS-ptc homozygous males. Females were used to compare wing
structures and body size.all animals examined. These results show that the sec-dally
phenotypes resulted from abnormally activated Hh signal-
ing. Furthermore, the complete suppression of these
phenotypes by ptc expression indicates that ptc is genet-
ically epistatic to sec-dally, suggesting that Sec-Dally acts
upstream of ptc involvement in the reception of Hh on the
surface of responding cells.
sec-dally expression affects the distribution of Hh protein
The fact that sec-dally acts upstream of ptc to expand the
action range of Hh, and that sec-dally expression in the
posterior compartment shows generally stronger effects than
in the anterior compartment, suggested the possibility that
sec-dally expressed in the Hh-producing cells alters Hh
distribution patterns in the responding cells. To test this
idea, we examined the effects of sec-dally expression on the
distribution of Hh protein. When we expressed sec-dally in
the posterior cells using hh-GAL4, we first noticed that the
anti-Hh antibody signal was severely reduced in the
expressing cells (Figs. 8B–BW). This phenomenon was best
demonstrated when sec-dally was induced in the dorsal
compartment by ap-GAL4: Hh levels were significantly
decreased only in the dorsal posterior cells (yellow arrow in
Fig. 8BVW). This reduction of Hh protein levels may be
caused by the facilitated movement of Hh from the
expressing cells to the responding cells. However, since
the levels of endogenous Hh in the anterior compartment are
low, we could not analyze Hh distribution patterns in the
responding cells.
To overcome this problem, we overexpressed hh under
the control of hh-GAL4 and followed the patterns of Hh
protein by antibody staining. Under this condition, we
detected a gradient of Hh protein in the central part of the
wing disc (Fig. 8C, bracket; Amanai and Jiang, 2001), and
Hh protein was undetectable in more anterior cells. In the
sec-dally-expressing discs, on the other hand, moderate
levels of Hh protein were detectable throughout the anterior
compartment (Fig. 8D). Furthermore, the region with high
Ci expanded substantially in these discs (Fig. 8DV). Thus,
Sec-Dally expressed in the posterior cells affects the action
range of Hh by enhancing the distribution of Hh in the
anterior cells.Discussion
Dally is a member of the glypican family, evolutionarily
conserved HSPGs linked to the cell surface via a GPI-
anchor. GPI-anchored proteins have several unique charac-
teristics that are not seen in transmembrane proteins. For
example, these molecules have been reported to be capable
of transferring from cell to cell (Kooyman et al., 1995).
From the aspect of thermodynamics, GPI-anchored proteins
are much more flexible in moving across the cell surface
than transmembrane proteins (Edidin et al., 1991). Further-
Fig. 8. Effects of sec-dally expression on Hh protein distribution. Anti-Hh (A, B, C, and D) and anti-Ci (AV, BV, CVand DV) staining of hh-GAL4/+ (A–AW), hh-
GAL4/UAS-sec-dally (B–BW), UAS-hh/+; hh-GAL4/+ (C–CW), and UAS-hh/+; hh-GAL4/UAS-sec-dally (D–DW) wing discs. Panels AW, BW, CW, and DW are
merged images of two left pictures of each row. Panel BVW shows anti-Hh staining of ap-GAL4/+; UAS-sec-dally/+ wing disc, in which sec-dally was expressed
in the dorsal compartment.
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such as lipid rafts (Schnitzer et al., 1995), caveolae
(Anderson, 1998), recycling endosomes (Chatterjee et al.,
2001; Mayor et al., 1998), and argosomes (Greco et al.,
2001). In addition, GPI-anchored proteins can be cleaved
from the cell membrane by the activities of phospholipases
and, potentially, other hydrolases. The shedding of glypi-
cans from the cell surface has been reported in mammalian
systems (Bernfield et al., 1999; Brandan et al., 1996; Carey
et al., 1993; Ishihara et al., 1987), and our data show that
Dally is also shed from the plasma membrane of S2 cells. It
was recently proposed that the release of Dlp from the cell
surface is precisely regulated and influences the activity of
Dlp in Wg signaling (Kreuger et al., 2004).
To determine if the normal GPI-anchoring is important
for Dally function, we generated two mutant constructs
encoding transmembrane (TM-Dally) and secreted (Sec-
Dally) forms of Dally. We found that TM-Dally retains a
residual activity, but it was significantly weaker than wild-
type Dally. This result suggests that the GPI-linkage is
important for glypican function. Since glypicans and
syndecans, a family of transmembrane HSPGs, are degraded
by distinct metabolic pathways (Fransson et al., 1995; Fuki
et al., 1997), the difference in the activities of Dally andTM-Dally may reflect different kinetics of turnover for these
molecules. Alternatively, TM-Dally may be targeted to the
appropriate cellular compartment at a lower efficiency than
the wild-type form. However, further work will be required
to understand the molecular nature of this difference. For
example, are these molecules different in terms of sub-
cellular localization? Can these molecules move from cell to
cell, and if so, is this motility important for their function?
These questions remain to be addressed.
In contrast to the quantitative difference between
phenotypes produced by dally and tm-dally, the activity of
Sec-Dally was qualitatively different from that of wild-type
Dally. For Dpp signal transduction, Sec-Dally showed a
weak dominant negative activity. It is possible that Sec-
Dally competes for Dpp ligand with endogenous Dally. This
finding supports the idea proposed by Kreuger et al. (2004)
that the shedding of glypicans can convert these molecules
from membrane-tethered coreceptors to secreted antagonists
(Kreuger et al., 2004). Although it is currently unknown
whether the shedding of Dally occurs in vivo, this study
provides evidence for a potential impact of glypican
shedding on their activities. In addition to the negative
effect on Dpp signaling, the expression of Sec-Dally results
in massive proliferation of cells as well as expansion of the
S. Takeo et al. / Developmental Biology 284 (2005) 204–218216action range of Hh. Hh signaling is known to induce cell
growth and cell division through the upregulation of Cyclin
D and Cyclin E expression without the activation of Dpp or
Wg signaling (Duman-Scheel et al., 2002). Therefore,
abnormally activated Hh signaling can explain the over-
growth phenotype caused by sec-dally expression. This
conclusion is further supported by our experiment showing
that ptc overexpression, which blocks the Hh signal, can
suppress the overgrowth of sec-dally-expressing animals.
We also found that Hh distribution was abnormally shifted
toward the anterior edge of sec-dally expressing wing discs.
Thus, Sec-Dally induces both patterning defects and over-
growth phenotypes by expanding the range of Hh protein
distribution. Since Hh induces dpp expression in the wing,
sec-dally has two effects on Dpp signaling: It expands the
dpp-expressing domain, but acts negatively on its signal
transduction. Therefore, as a sum of these effects, it is
possible that Dpp signaling also contributes to the over-
growth phenotype of sec-dally-expressing animals. Indeed,
we observed that the domain with high levels of pMAD
signals was expanded when sec-dally was expressed in a
large part of the wing discs using ap-GAL4 or 29BD-GAL4
(data not shown).
In addition to shedding from the cell surface, glypicans
seemed to undergo endoproteolytic processing events. The
digestion of glypican 3 in its cysteine-rich domain by a
furin-like convertase is essential for its ability to modulate
Wnt signaling (De Cat et al., 2003). From this point of view,
it is worth noting that the expression of wild-type and
mutant forms of dally in S2 cells for a longer period using
the actin promoter resulted in the release of several smaller
fragments bearing the HA epitope into the medium (data not
shown). This observation suggests that Dally is also
subjected to proteolytic digestion as reported for mamma-
lian glypicans.
How does Sec-Dally alter Hh distribution? Previous
studies showed that HSPGs stabilize Hh in the expressing
cells (Bornemann et al., 2004; Takei et al., 2004). It is
therefore possible that Sec-Dally continuously stabilizes Hh
and makes it diffuse further. Recently, two groups reported
the identification of a novel extracellular molecule, Shifted
(Shf), which affects Hh diffusion (Glise et al., 2005;
Gorfinkiel et al., 2005). Shf encodes a secreted protein
closely related to the vertebrate Wnt Inhibitory Factors
(WIF), but it does not play a role in Wg signaling in
Drosophila. Instead, Shf is required for Hh stabilization and
modulates its distribution in the wing. Genetic experiments
have suggested that Shf interacts with HSPGs to stabilize
Hh protein. Thus, Sec-Dally may affect the distribution of
Hh protein through the activity of Shf. An alternative model
for the Sec-Dally action is that the binding of Sec-Dally to
Hh masks the domain of Hh protein which is normally
required for the restriction of its movement. We confirmed
by co-immunoprecipitation experiments that Dally actually
binds to Hh (data not shown). Finally, Sec-Dally may
somehow interfere with one of the Hh biosynthetic steps.Interestingly, the expression of an unmodified form of the
N-terminal fragment of Hh (Hh-N) induces the same
abnormalities as sec-dally (Burke et al., 1999). As Hh-N
does not undergo cholesterol modification, it migrates to the
anterior edge of the wing disc and induces overgrowth of the
anterior region. In the embryonic epithelium, cholesterol
modification of Hh is also essential for its assembly in large
punctate structures (LPSs) and apical sorting (Gallet et al.,
2003). Hh-N failed to localize at the LPSs or the cell
membrane, showing a diffuse staining pattern. The sim-
ilarity of phenotypes produced by the expression of Sec-
Dally and Hh-N suggests the intriguing possibility that Sec-
Dally affects cholesterol modification in the Hh-producing
cells. Although the molecular mechanisms by which Sec-
Dally alters Hh signaling are not yet clarified, Sec-Dally will
be a useful molecular tool to study the possible functions
of HSPGs in Hh biosynthesis, secretion, and gradient
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